Faecal Escherichia coli isolates from suckling (n5503) and weaning (n5450) piglets with and without diarrhoea from 10 farms in Mexico were examined for identification and prevalence of virulence genes. E. coli isolates were tested further for enterotoxin (LT, STa, STb, Stx1, Stx2 and EAST1), fimbrial (F4, F5, F6, F17, F18 and F41) and eae adhesin genes by multiplex PCR. Of the 953 isolates of E. coli examined by multiplex PCR, 650 (68.2 %) isolates were positive for at least one adhesin gene. Among the isolates from diarrhoeic piglets, F41 (72 %) was the most prevalent adhesin followed by eae adhesin (27 %), F6 (12 %), F17 (9 %), F18 (9 %), F5 (8 %) and F4 (3 %). Enterotoxin genes were detected in 424 (44.5 %) of the isolates, of which EAST1 (38 %) and STa (30 %) were the most common, followed by STb (17 %), Stx2 (6 %) and LT (5 %). Twenty-three per cent of isolates from suckling piglets and 43 % of isolates from weaned piglets carried both enterotoxin and adhesin genes, the most common virotypes being F41 : STa, F41 : EAST1, EAST1 : eae, F41 : F6, F41 : STa : STb, F41 : eae and F17 : eae. The present study examined for the first time, to our knowledge, the prevalence of 13 virulence genes among E. coli strains isolated from piglets with and without diarrhoea in Mexico. The results suggested that there are a wide variety of virulence genes associated with diarrhoea in piglets. This study provides baseline information on the significance of specific virotypes associated with suckling and weaning periods in piglets in Mexico.
INTRODUCTION
Pathogenic Escherichia coli strains are common agents responsible for a variety of intestinal disorders. Diarrhoea remains an important cause of morbidity and mortality in livestock and is one of the most common diseases of suckling and weaning piglets worldwide. These diseases have negative economic effects in the pork industry due to high mortality and reduced growth rate (Vu-Khac et al., 2004; Zhang et al., 2007; Madoroba et al., 2009) . In neonatal and weaning piglets, E. coli induces acute and watery diarrhoea that may be followed by terminal septicaemia, an important cause of economic loss for swine producers (Lee et al., 2008) . Most types of diarrhoea are caused by strains of enterotoxigenic E. coli (ETEC) and remain a major cause of both death and disease in newborn or newly weaned pigs (Holoda et al., 2005; Vu-Khac et al., 2006) . The main virulence factors associated with ETEC in diarrhoea are enterotoxins and fimbrial adhesins. Fimbrial adhesins mediate attachment of bacteria to the surface of the intestinal epithelium cells, thus allowing bacterial colonization. Both heat-labile (LT) and heat-stable (STa and STb) enterotoxins cause an imbalance in intestinal homeostasis, causing hypersecretion of fluids that results in diarrhoea. The known porcine fimbriae are F4, F5, F6, F17, F18 and F41 (Vu-Khac et al., 2007; Kim et al., 2010) .
According to the work of Fairbrother et al. (2005) and Kim et al. (2010) , different types of adhesin can be associated with ETEC diarrhoea in animals of different ages. F4 causes more severe diarrhoea in weaned piglets, causing postweaning diarrhoea, but is also associated with diarrhoea in nursing pigs. The F5, F6 and F41 genes are usually associated with ETEC from neonatal pigs (between 4 and 14 days of age), but may be associated less frequently with diarrhoea in older pre-weaned pigs (Kwon et al., 2002) .
Post-weaning diarrhoea is the most constant disease problem in large-scale farming, particularly among piglets weaned at 4 weeks of age. F4 and F18 are the fimbrial adhesins of ETEC associated with post-weaning diarrhoea (Ojeniyi et al., 1994; Imberechts et al., 1997; Bertschinger et al., 2000; Vu-Khac et al., 2007; Kim et al., 2010) . F18 is the fimbrial adhesin most commonly found on Shiga toxin-producing E. coli (STEC) causing oedema disease (Vu-Khac et al., 2007) . F18 adhesin occur as two antigen variants, F18ab and F18ac. F18ab is usually found on STEC, ETEC or ETEC/STEC and F18ac is usually expressed by ETEC (Fairbrother et al., 2005) . This typically produces STa and STb toxins, sometimes associated with Stx2e toxin (Rippinger et al., 1995; Francis, 2002) .
Another virulence determinant of the ETEC virotype is the enteroaggregative E. coli heat-stable enterotoxin 1 (EAST1), which has been found to be highly prevalent in isolates from diarrhoea in humans and animals. The astA gene encoding EAST1 has also been detected in E. coli of different pathogenic strains, such as ETEC, enteropathogenic E. coli (EPEC) and STEC from humans and animals (Frydendahl, 2002; Ngeleka et al., 2003; Osek, 2003; VuKhac et al., 2007; Zhang et al., 2007) . Through PCR tests, Choi et al. (2001) found that 31 % of E. coli strains isolated from weaning piglets with diarrhoea or oedema disease had the EAST1 gene.
STEC comprises a serologically diverse group of pathogens that cause disease in weaning pigs (Barman et al., 2008) . The two main groups of Shiga toxin are Shiga toxin 1 (Stx1) and Shiga toxin 2 (Stx2), and their variants (Stx1c, Stx1d, Stx2c, Stx2d, Stx2e, Stx2f, Stx2g) . The Stx2e variant has been associated with oedema disease in pigs (Imberechts et al., 1992; Kim et al., 2010) .
Additionally to ETEC and STEC strains, some strains cause attaching and effacing lesions, very similar to those produced by EPEC in humans, and have been associated with post-weaning diarrhoea in pigs (Vu-Khac et al., 2007) . These attaching and effacing E. coli strains carry the eae gene encoding the outer-membrane protein known as intimin, which is involved in the attachment of the bacteria to the surface of epithelial cells in the gastrointestinal tract. This gene is a marker for porcine EPEC; however, the pathogenic significance of porcine eae strains in weaning pigs is unclear because some eae-positive isolates may also be found in healthy pigs (Fairbrother et al., 2005; Malik et al., 2006; Cheng et al., 2006; Zhang et al., 2007) .
In Mexico, there are no previous reports about the prevalence of E. coli virulence genes in pigs for diagnostic purposes. It should be noted that this study is among the first in Mexico to look at the prevalence of these virulence genes. A better understanding of the repertoire of virulence genes can provide us with important information for diagnosis and prevention in order to control diarrhoeal diseases in swine.
METHODS
Bacterial samples and their characterization. A total of 953 E. coli isolates were obtained from faecal swabs (643) collected from suckling (0-3 weeks of age) and weaning (3-5 weeks of age) piglets with watery diarrhoea (brown or yellow) or without diarrhoea (Table  1) . The sows of the piglets sampled in this study were not vaccinated against E. coli. The strains were obtained from 10 geographically separated pig farms in Mexico. The farms are located in the central region of Mexico, which produces about 50 % of the country's pork (SAGARPA, 2010) ( Table 1 ).
The samples collected were transported in Stuart's medium (DIBICO) at 4 uC, and after arriving at the laboratory, were spread on MacConkey agar and Eosin Methyl Blue Agar and incubated at 37 uC aerobically overnight. Two fermenting colonies with the appearance of E. coli were randomly selected from each agar medium and were confirmed to be E. coli using conventional biochemical procedures (MacFaddin, 1980) . One to four isolates of E. coli were obtained from each faecal swab; virulence genes were identified in only one or two of these E. coli isolates. Isolates were then cultured on sheep blood agar plates aerobically overnight at 37 uC to evaluate bhaemolysis. b-Haemolysis was defined as a zone of complete erythrocyte lysis surrounding a bacterial colony. After all of these E. coli bacteria were isolated, they were stored on tryptic soy agar at 4 uC and in Luria-Bertani broth containing 20 % glycerol at 220 uC, until further use. F4, F5, F6, F17, F18 (F18ab and F18ac) , F41] as well as intimin encoded by the eae gene was carried out as previously described (Table 2) . Four different multiplex PCRs for toxin and adhesin genes were carried out using Apex Taq DNA polymerase (Genesee Scientific) and primers, as shown in Table 2 . The 50 ml reaction mixtures contained the following: 16 PCR buffer (100 mM Tris/HCl, pH 8.5; 500 mM KCl; 15 mM MgCl 2 ; 1 % Triton X-100), 0.2 mM each dNTP (Apex dNTP mix, 10 mM), 0.25 mM each primer, 2.0 U Apex Taq DNA polymerase, 5 ml template DNA and 50 ml nucleasefree water.
Multiplex PCR products were separated in a 2 % agarose gel (Amresco). Reference positive and negative control strains (kindly donated by Dr Jorge Blanco) and a 100 bp ladder (Amresco) were used to identify amplified products. Amplified PCR products were visualized with ethidium bromide under a UV illuminator and recorded using a Digidoc imaging system (UVP). Some samples of each identified gene were subjected to DNA sequencing methods. For this purpose, the PCR products were purified using the QIAquick PCR purification kit (Qiagen).
Automated DNA sequencing. Automated DNA sequencing was carried out using capillary-based electrophoresis sequencers. The unit utilizes ABI Prism 310 (1-capillary) and ABI Prism 3100 (16-capillary) Genetic Analyzers from Applied Biosystems, with BigDye Terminator Cycle Sequencing chemistry. Samples of PCR products were sequenced with readings of length up to 700 bases of highquality sequence data per reaction, providing high-quality templates.
Statistical analysis. An analysis of strength of association with odds ratio (OR) was made. x 2 was calculated to determine the statistical significance at 95 % confidence. Management of the database was done in the SPSS 10 program. Table 2 . PCR primers used to amplify specific fragments from enterotoxin and fimbrial adhesin genes A. Toledo and others
RESULTS
The biotyping of faecal samples from piglets allowed the isolation and identification of 953 isolates of E. coli: 697 (73.1 %) were obtained from piglets with diarrhoea, 363 and 334 from piglets in either the suckling or weaning period, respectively; and 256 (26.9 %) were from piglets without diarrhoea, 140 strains in the suckling period and 116 strains in the weaning period (Table 1) .
Adhesin genes
Of the 953 isolates of E. coli evaluated by PCR (multiplex or single), 650 (68.2 %) were positive for at least one adhesin gene. Among the adhesin isolates, F41 fimbria (348, 54 %) was the most prevalent fimbria followed by eae adhesin (119, 18.3 %), F6 (56, 8.6 %), F5 (40, 6.2 %), F17 (39, 6.0 %), F18 (30, 4.6 %) and F4 (18, 2.8 %). With respect to associations of fimbrial genes with age or presence/absence of diarrhoea, we only found statistically significant differences among isolates from healthy piglets and piglets with diarrhoea in the suckling (P50.05, OR53.43) and weaning (P50.05) period for the F18 fimbrial gene (Table 3) . Although adhesin genes were isolated from both healthy piglets and piglets with diarrhoea, in general we found a higher percentage of adhesin genes in weaned piglets with diarrhoea than in suckling piglets with diarrhoea (Table 3) .
Enterotoxin genes
Enterotoxin genes were detected in 424 isolates of E. coli (44.5 %); of these, STa (159, 37.5 %) and EAST1 (153, 36.1 %) were the most common, followed by STb (65, 15.6 %), Stx2 (24, 6.0 %) and LT (20, 4.7 %). As for adhesin genes, we found a higher percentage of positive genes in isolates from animals with diarrhoea than from healthy animals ( Table 4) . In E. coli isolates from diarrhoeic piglets, we only found statistically significant differences for the EAST1 gene (P50.007, OR52.3) in suckling piglets and in weaned piglets (P50.001, OR53.98) with diarrhoea ( Table 4) .
The results for identification of enterotoxins and adhesin genes were corroborated by DNA sequencing of the genes found. The sequencing of these genes produced alignments with an identity of .94 % for each of the genes identified in this study, which have been previously reported in the National Center for Biotechnology Information. Porcine E. coli pathotypes in Mexico (Table 5 ). This indicates that our isolates could be considered enteropathogens.
With respect to the association of enterotoxin and adhesin genes, we found 97 different virotypes.
We found more gene combinations in isolates from piglets with diarrhoea than without it, regardless of the suckling or weaning stage ( (1 % each). We found other less frequent virotypes; interestingly, most of them in isolates from pigs with diarrhoea. Although in piglets in the suckling and weaning stages without diarrhoea (control samples) 13 and 18 different combinations were found, respectively, these were present in a very low number of samples (43 and 31 samples, respectively). The most prevalent virotypes in suckling pigs were F6/STa (5 %), EAST1 : eae (3 %), F41 : STa (3 %) and F5 : STa : eae (2 %). In weaned piglets, the most prevalent were F41 : STa (6 %) and STa : EAST1 (2 %).
As shown in Table 5 , the distribution and prevalence of different virotypes regarding the location of the farms was very heterogeneous. The most common and prevalent virotypes were located on farms in the states of Guerrero, Jalisco, Michoacán, Morelos, México City, Queretaro, Puebla and Estado de México.
Haemolytic activity in strains of E. coli
Of the 953 E. coli isolates tested, only 83 (8.7 %) showed bhaemolytic activity (Table 5) , indicated by a zone of complete erythrocyte lysis around bacterial colonies after overnight incubation at 37 u C on 5 % sheep blood agar plates. Of these, 63 (76 %) were isolates from piglets with diarrhoea and 20 (24 %) were from healthy piglets. Of the isolates from piglets with diarrhoea, 57 % corresponded to the weaning stage and 86 % of them expressed adhesin and enterotoxin genes. b-Haemolysis was observed in isolates from other different virotypes, and in isolates that did not show virulence genes. It is commonly accepted that serotypes and virotypes of ETEC are responsible for neonatal diarrhoea and postweaning diarrhoea in piglets and that STEC is a cause of diarrhoea only if enterotoxins are expressed by STEC strains. However, the distribution and frequency of serotypes and virotypes can vary considerably from region to region and over time in a given region, while only a few of these strains have been associated with enteric infections in pigs (Blanco et al., 1997; Vu-Khac et al., 2006) .
This study showed that, for isolates from weaning piglets with diarrhoea, 65.3 % were positive for enterotoxin genes and 75.7 % were positive for adhesion genes. In suckling piglets, this positive percentage was lower: 31.4 % and 64.5 % were positive for enterotoxins and adhesin genes, respectively. A higher proportion of virulence genes were present in the weaning stage. This might be explained because piglets in this period lack maternal immunity, which may make them non-immune to pathogenic E. coli (Barman et al., 2008) . In the same way, temperature variation of the environment and the stress associated with changes in both accommodation and diet may be important factors that trigger the proliferation of pathogenic E. coli in the intestine (Leman et al., 1999) .
Interestingly, genes encoding E. coli virulence factors are found in piglets with diarrhoea and in healthy piglets with a higher prevalence in weaned piglets. Suckling and weaned piglets with diarrhoea showed significant differences only in the gene encoding the toxin EAST1, P50.007 and P50.004, respectively (Table 4) . In relation to genes for fimbrial adhesins, we only found statistically significant differences in the suckling (P¡0.05) and weaned (P¡0.05) piglets with diarrhoea for the F18 gene (Table 3) . It is noteworthy that the F41 fimbrial gene was found in isolates from both healthy and diarrhoeic piglets. Also, the F41 gene is present in different virotypes which are present in a greater percentage of isolates from piglets with diarrhoea than from healthy piglets (Table 5) . We think that these virotypes present in healthy piglets might be expressed if the immune response is induced by stress, temperature changes and diet, and consequently could cause disease.
The role of EAST1 toxin in swine colibacillosis has not been clearly determined, but this toxin has been commonly found in E. coli strains associated with diarrhoea in suckling and weaning piglets (Vu-Khac et al., 2004) . Interestingly, our results are compatible with these observations because we found the EAST1 toxin gene in 32 % of 424 isolates of E. coli from diarrhoeic piglets, and most of these isolates were associated with the genes F41 (8 %) and eae (3 %). About 8.4 % of the isolates carried the EAST1 toxin gene as the only toxin gene. These results agree with those of Choi et al. (2001) , Osek (2003) and VuKhac et al. (2006) , who reported the presence of the EAST1 gene in 31 %, 46 % and 68 % of isolates, respectively. They also found EAST1 as the only toxin gene in about 14 %, 4 % and 3 % of the strains. With respect to healthy pigs, we found that 7 % of the isolates expressed the EAST1 gene. This is consistent with the study by Ngeleka et al. (2003) , who identified the presence of the EAST1 gene in isolates from healthy piglets, suggesting that when EAST1 is expressed alone, it is probably insufficient to cause diarrhoea in piglets.
Whether EAST1 toxin alone or in association with other toxins is sufficient to cause diarrhoea in pigs is currently under investigation. The high frequency of the EAST1 gene along with its high OR in isolates of E. coli is an incentive for further studies to investigate the significance of this toxin in porcine diarrhoea in Mexico.
STa and STb positive isolates were more prevalent than LT positive isolates. We found that 8-22 % of isolates from sick animals carried the gene for STa; most of the isolates (8 %) were associated with F41, and in 20 % it was detected as the only toxin gene. Our observation agreed with other studies in which 9 and 11 % of isolates were positive for STa toxin in suckling and weaned piglets, respectively (Lee et al., 2008) . Do et al. (2006) reported the presence of STa in 92.1 % of isolates from weaning piglets with diarrhoea; Parma et al. (2000) reported the presence of this gene in 24.5 % of isolates, it being the predominant gene in isolates from piglets from 1 week to 3 months of age.
Particularly striking was the low presence of the LT gene in E. coli isolates from Mexican piglets, since the gene was present in only 1 % and 4 % of the isolates from piglets with diarrhoea. Most isolates were associated with other toxins and adhesins, and all of them were b-haemolytic also.
We found Shiga toxins (Stx1 and Stx2) in only a few isolates. Stx1 was identified in 0.4 %, and Stx2 in 1 % and 5 % of the isolates from the diarrhoeic piglets. These toxins are produced by isolates of human, bovine and ovine STEC associated with haemorrhagic colitis, and haemolytic uraemic syndrome in humans. Our results confirm the observation made by other authors that piglets are not a reservoir of STEC pathogenic for humans (Vu-Khac et al., 2006) .
The outcome of multiplex PCR for adhesin genes provides evidence for the presence of F41, F6, F5, F17, F18 and F4 fimbriae genes in piggeries in Mexico. These fimbriae are highly associated with ETEC diarrhoea in piglets in experimental animals and in the field (Vu-Khac et al., 2006) . The F41 adhesin gene is not as prevalent in countries such as Slovakia, Korea, USA and Vietnam (VuKhac et al., 2006; Do et al., 2006; Zhang et al., 2007; Lee et al., 2008) . In our study, the F41 adhesin gene was strongly associated with the population of piglets, since on average 36 % of the isolates from piglets with diarrhoea were positive, regardless of the suckling or weaning stage. Most of the F41 positive strains were associated with EAST1 (8 %), STa (8 %) and eae (3 %) genes. We also found F41 to be the only adhesin gene in 35 % of the E. coli isolates and in 27 % of the isolates that produce b-haemolysis. While this gene was also found in healthy animals, it is interesting to note that in the vast majority of isolates from pigs with diarrhoea, F41 was associated with one or more enterotoxins (Table 5) .
Recently, in another study performed by Castro & Toledo (2010) on E. coli isolates from piglets with diarrhoea, suckled on breast milk and milk substitute, the most prevalent fimbrial adhesin was also F41. This fact has great importance particularly because it allows us to consider this fimbria as an important marker of pathogenicity of E. coli in Mexican isolates, and it may be useful for both diagnostic purposes and for the development of new immunogens for the prevention of disease in Mexican piglets. In the future, we intend to test F41 and eae fimbria along with EAST1 and STa toxins as immunogens for the prevention of diarrhoea caused by E. coli in piglets.
F6 adhesin was present in E. coli isolated from piglets in the suckling period. These data are consistent with those previously reported by Wilson & Francis (1986) and Kwon et al. (1999) . However, we also found this adhesin in weaned piglets with diarrhoea (Table 3 ). In Mexico, piglets are weaned between 4 and 5 weeks of age, which agrees with the results of Harel et al. (1991) , who associated fimbrial adhesins F5, F6 and F41 alone or in various combinations in porcine ETEC strains in pigs aged between 7 and 27 days. Recently, Kim et al. (2010) reported that the presence of adhesin F6 could cause milder diarrhoea with later onset (between 4 and 14 days of age), but it may also appear occasionally in older pigs, taking into account that the age of weaning has been reduced substantially over the years (Fairbrother et al., 2005) . We found an association of F6 with eae in 2 % of the E. coli isolates from weaned pigs with diarrhoea, which may explain the presence of diarrhoea in these pigs (Table 5 ).
The F5 adhesin gene was present in 3 % and 5 % of the isolates from piglets with diarrhoea. Some reports have shown the association of F41 with F5, because these genes are co-expressed (Madoroba et al., 2009) ; nevertheless, we only found this association in two isolates from piglets with diarrhoea.
The gene encoding F18 adhesin is one of the most important to have been recently associated with post-weaning diarrhoea and with oedema disease (Bertschinger et al., 2000; Frydendahl, 2002; Vu-Khac et al., 2006 The F17 adhesin gene of E. coli has been isolated frequently from calves with or without diarrhoea. We found it in approximately 9 % of the isolates from piglets with diarrhoea, most of them from suckling piglets. We also found it associated with eae adhesin (2 %). F17 is frequently associated with cattle isolates, but recently Vu-Khac et al.
and Sting & Stermann (2008) found it in E. coli isolates from post-weaning piglets with diarrhoea.
The eae gene is necessary for the intimate union of the bacterium to epithelial cells in vivo. It encodes the outermembrane 94 kDa protein intimin, and has been recovered from E. coli associated with porcine neonatal diarrhoea as well as post-weaning diarrhoea (Vu-Khac et al., 2006) . In Canada, the eae gene was detected in 3 % and 15 % of E. coli samples taken from diarrhoeic and non-diarrhoeic piglets, respectively (Ngeleka et al., 2003) . In our study, we found that 12 % and 15 % of isolates from diarrhoeic piglets carried the eae gene. In 30 % of the isolates from diarrhoeic piglets, the eae gene was present alone. This confirms the observations made by other authors suggesting that E. coli inducing attaching and effacing lesions is isolated from diarrhoeic piglets (Malik et al., 2006; VuKhac et al., 2006) . We also found it associated with EAST1 (3 %), F41 (3 %), F17 and F6 (2 %, each one).
The gene that encodes F4 adhesin is one of the most frequently found genes in E. coli isolates from suckling and weaning piglets from different countries (Frydendahl, 2002; Vu-Khac et al., 2006; Zhang et al., 2007) . Contrary to these results, we found that only 1 and 2 % of isolates from piglets with diarrhoea contained this virotype. Castro & Toledo (2010) did not find F4 adhesin in the isolates in their study, indicating that F4 has a low prevalence in E. coli in Mexico.
E. coli isolated from pigs in Mexico shows a different virulence gene profile from those reported in other countries. This supports the fact that the presence of virulence genes in E. coli varies with the geographical area and could be useful as a marker of pathogenicity for diagnostic purposes or to design vaccines suitable for porcine enteric infections in Mexico.
This study was performed to determine the prevalence of virulence genes associated with the suckling and weaning periods in piglets; we found a higher prevalence of genes in the weaning period than in the suckling stage. The multiplex PCR used in this study for the detection of adhesin and toxin genes was fast and sensitive for identifying virulence markers of E. coli strains in piglets.
The results show preliminary epidemiological information about the presence of known virulence factors in Mexico's piglets and constitutes an important database for the implementation of prevention, diagnosis and treatment measures.
